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Abstract:  Experiments on acoustic emission (AE) characteristics of fractal were carried out under uniaxial 
multilevel cyclic loading. AE rate, energy rate and spatial distribution of different rock specimens were obtained. 
Relevant fractal dimensions of AE rate and energy rate were figured out through G-P algorithm based on the 
theory of reconstruction of phase space. Relevant fractal dimensions of AE spatial distribution was figured out 
through column-covering method. The results show that AE rate, energy rate and AE spatial distribution are of 
fractal characteristics，and among them, AE spatial distribution has the most obvious fractal characteristics. Phase 
space has some effects on relevant fractal dimensions, and it is better to choose 4 as the basic dimension for 
correlation dimension calculation. The comparison of development trend of AE spatial distribution and relevant 
fractal dimensions under different cycles shows that fractal characteristics can reflect the statistical evolution of 
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the micro-cracks in rock. Relevant fractal dimension increases under isobaric cyclic loading and decreases with 
the increasing of stress. Relevant fractal dimensions fluctuate in a small range or decrease slowly when the higher 
stress has been reached. The characteristics above can be used as the reference for micro-seismic monitoring 
warning on ground pressure in mining. 










































1  试验设备与方法 








图 1  岩石试样图 
Fig.1  Rock specimens 














图 2  室内声发射试验系统框图 
Fig.2  Diagram of AE test system in laboratory  
传感器采用 R6 型传感器，该传感器灵敏度为











图 3  传感器空间布置图 





















2  分形维数计算 
2.1  G-P算法 
1983 年，Grassberger和 Procaccia 根据嵌入理
论和重构相空间思想提出了从时间序列直接计算
关联维数 D 的 G-P 算法[12]。将声发射基本参数系
列作为研究对象，则每一声发射参数系列对应于一
个容量为 n的系列集： 
1 2{ , , }nX x x x               (1) 
由式(1)可以构成 m 维相空间(m<n)，先选取  
式(1)系列中前 m个数作 m维相空间向量： 
1 1 2{ , , }mX x x x               (2) 
然后向右平移一个数据构成第二个向量： 
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r为给定的尺度，为避免分散性，r的取值为： 
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lg ( ) / lgD W r r            (8) 










示。对应于不同的半径 r，柱子高度取 4h r ，小
圆柱所覆盖的声发射事件记为 M(r)。将这些点取对




lg ( ) / lgD M r r              (9) 
 
图 4  柱覆盖法示意图 
Fig.4  Schematic diagram of column-covering method 














图 5  相空间与关联维数关系图 
Fig.5  Relationship between phase space and relevant 
dimensions  
3  试验结果与分析 
3.1  声发射参数变化特征分析 









表 1  不同加卸载循环应力水平 
Table 1  Stress level of various cyclic loading 
岩石试样 
循环阶段应力百分比/(%) 
1 2 3 4 5 6 7 
X-2 73.5 85.3 92.6 98.3 100 — — 
C-3 62.7 62.7 62.7 78.4 84.3 96.1 100














































图 6  应力-事件率关系图 







图 7  应力-能量率关系图 
Fig.7  Relationship between stress and energy rate  
3.2  声发射参数分形特征分析 
表 2为三种岩石试样不同加卸载循环阶段根据
柱覆盖法计算得出的关联维数 D和相关系数 R2。表






图 8和图 9所示。 
表 2  不同循环阶段定位事件空间分布关联维数与相关系数 
Table 2  Relevant fractal dimensions and correlation 
coefficient of spatial distribution under different cycle 
循环次数
X-2 C-3 H-12 
D R2 D R2 D R2 
1 2.9594 0.9592 3.5858 0.9695 3.4611 0.9867
2 2.9465 0.9892 4.1160 0.8682 2.9279 0.9822
3 2.7598 0.991 4.7830 0.9601 2.8813 0.9971
4 2.4399 0.9969 2.8188 0.9823 2.8512 0.9874
5 2.3367 0.9968 2.6405 0.9862 2.5954 0.9881
6 — — 2.5791 0.9889 2.5529 0.9880
7 — — 2.4793 0.9934 2.5327 0.9800
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表 3  不同循环阶段事件率关联维数与相关系数 
Table 3  Relevant fractal dimensions and correlation 
coefficient of AE rates under different cycle 
循环次数 
X-2 C-3 H-12 
D R2 D R2 D R2 
1 0.4447 0.9807 0.4489 0.9944 0.3501 0.9894 
2 0.3862 0.9939 0.3094 0.9699 0.2909 0.9894 
3 0.3502 0.9697 0.2975 0.9925 0.2765 0.8512 
4 0.2771 0.9328 0.2571 0.9882 0.2715 0.8996 
5 0.2835 0.9828 0.2234 0.9893 0.1619 0.9843 
6 — — 0.2068 0.9431 0.1174 0.9372 
7 — — 0.2036 0.9188 0.1252 0.9651 
表 4  不同循环阶段能量率关联维数与相关系数 
Talbe 4  Relevant fractal dimensions and correlation 
coefficient of energy rates under different cycle 
循环次数 
X-2 C-3 H-12 
D R2 D R2 D R2 
1 0.2661 0.8788 0.3306 0.9437 0.2626 0.8016 
2 0.2273 0.8923 0.3739 0.7942 0.2481 0.9283 
3 0.2038 0.9326 0.3219 0.8033 0.2344 0.8931 
4 0.1926 0.9218 0.2320 0.9199 0.1757 0.8668 
5 0.1958 0.9583 0.2017 0.9952 0.1651 0.9093 
6 — — 0.2052 0.9634 0.1521 0.9349 
















(a) 循环 1               (b) 循环 2 
 










(e) 循环 5               (f) 循环 6 
 
(g) 循环 7 
图 8  关联维数线性拟合图 
Fig.8  Linear fitting of relevant dimensions  
     
(a) 循环 1    (b) 循环 2    (c) 循环 3    (d) 循环 4  
   
(e) 循环     (f) 循环 6    (g) 循环 7 
图 9  声发射源空间分布发展图 






















图 10  事件率关联维数变化曲线 
Fig.10  Variation curve of relevant fractal dimensions  
of AE rate  
 
图 11  能量率关联维数变化曲线 
Fig.11  Variation curve of relevant fractal dimensions of 
energy rate 
 
图 12  声发射空间分布关联维数变化曲线 
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